Introduction
Kinesins and kinesin-related proteins make up a large superfamily of molecular motors. The first kinesin was characterized by Vale et al. in 1985 as a cytosolic, microtubule-stimulated ATPase responsible for the directed, ATPdependent movement of vesicles within squid axons [1] . Additionally, studies in vitro show that kinesin is able to translocate microtubules across a glass slide or latex beads along a microtubule, providing a powerful system for studying motor proteins.
Since their initial discovery, kinesins have been shown to be involved in movement of other cellular organelles and subcellular structures (e.g. mitochondria and chromosomes). The kinesins' primary role as an organelle transporter might at first seem surprising. Whereas the importance of muscle contraction is immediately apparent to anyone engaged in physical activity, the need for cellular components to be actively moved around inside cells may not be. Why not simply use diffusion? The answer is that diffusion, although quite rapid over small distances, becomes intolerably slow over larger distances. For example, whereas a small protein would take only 30 ms to diffuse across a 2 m Escherichia coli cell, it would take over 2 h to diffuse along a 1 mm axon (and axons in human motor neurons can be up to 1 m long!). Therefore, kinesin's role as a cellular transporter is indeed essential for life to proceed at a reasonable speed.
The kinesin superfamily
The original 'conventional' kinesin was shown to be a tetrameric protein composed of two heavy chains (110-120 kDa) and two light chains (60-70 kDa). Electron microscopy, protease sensitivity and primary sequence analysis showed that the kinesin heavy chain is composed of three domains [2, 3] . As shown in Figure 1(a) , the globular N-terminal head domain (residues 1-325) contains the ATPase activity as well as a microtubule-binding site. The head is attached via a 50 amino acid neck region to an extended ␣-helical stalk (residues 375-800), which forms a coiled-coil upon dimerization with a second heavy chain. The C-terminal tail domain (residues 800-963) is globular and interacts with the kinesin light chains as well as with membrane-bound docking proteins such as kinectin [4] .
Motility studies in vitro show that kinesin moves towards the plus-end of polar microtubule tracks (anterograde direction, away from the microtubuleorganizing centre and toward the cell's periphery). Studies using single-molecule assays [5] have shown that conventional kinesin dimers move processively along a single microtubule protofilament, taking on average 100 8-nm steps per s from one ␣/␤ tubulin subunit to the next before dissociating [6] . Each step requires hydrolysis of one ATP molecule and produces a force of 5-7 pN [7] .
Since the first kinesin was characterized, many related proteins have been discovered, including conventional kinesins as well as proteins belonging to the growing kinesin superfamily. Unlike the conventional kinesins, which share sequence identity throughout their entire sequences, these kinesin-related proteins share homology in only one region of Ϸ350-400 amino acids within the kinesin motor domain. Based on the location of the motor domain in the primary sequence, kinesin-family proteins fall into three classes, containing Nterminal, C-terminal or internal motors (Figure 1 ). The domain architecture of these proteins appears to be linked to their function. Whereas the N-terminal kinesins move exclusively towards the plus-ends of microtubules, all C-terminal motors characterized to date move towards the minus-end (retrograde, or toward the nucleus). Unlike kinesin, which can move processively along the microtubule without dissociating, the C-terminal motors are non-processive, disassociating from the microtubule following ATP hydrolysis. As more nonconventional kinesin motors have been described, other variations in chain composition have been identified, including functional homo-and heterodimers, trimers, tetramers and monomers (reviewed in [8] ).
Molecular structure of the kinesin motor
The first X-ray structures of the motor domains of human conventional kinesin and Ncd (a C-terminal, minus-end motor from Drosophila) were solved by Kull et al. [9] and Sablin et al. [10] in 1996. Surprisingly, these structures of motors with opposite directionality were remarkably similar. Their Ϸ325 amino acid, arrowhead-shaped motor domains are composed of a core eight-stranded, mostly parallel, ␤-sheet flanked on each side by three ␣-helices. The MgADP seen in both structures is bound in a rather open, solvent-exposed cleft (Figure 2) .
Although kinesin contains a phosphate-binding loop (P-loop) virtually identical to those found in other nucleotide-binding proteins (such as adenylate kinase, transducin and recA), there is little similarity in other regions. In contrast, structural elements of kinesin and myosin virtually superpose with one another in the core region surrounding the nucleotide-binding site. In all, 250 amino acid residues, including seven core ␤-strands and six ␣-helices, overlap. This degree of structural similarity is surprising because myosin's motor domain is much larger than kinesin's and there is very little sequence similarity between the two proteins. The Ras family of GTPases also share a common core nucleotide-binding region with kinesin, but with less structural overlap (six ␤-strands and four ␣-helices). The most striking similarities are seen in the regions directly adjacent to the ADP-binding site, including the Ploop and two other highly conserved motifs, called switch I and switch II, which sense the state of the bound nucleotide and 'switch' conformation as GTP is hydrolysed to GDP [11] . The structural elements shared between kinesin and myosin do not compose a single, continuous domain. Instead, the motors contain additional domains inserted between their shared elements at two points that might be involved in specific interactions with their respective polymer tracks. In kinesin, these regions consist of two short loops involved in microtubule binding ( Figure 2 ), whereas in myosin these loops are replaced by large actin-binding regions of 150-200 amino acids. Thus it seems that the two motor families use a common core with different domain insertions to confer polymer speci- Loops and ␣-helices are shown in white, the kinesin-specific neck region in dark blue, ␤-strands in light blue, core ␤-strands are numbered. The bound ADP nucleotide is shown as a grey balland-stick figure. The nucleotide-binding motifs common to kinesin, myosin and GTPases are indicated (P-loop, switch I and switch II). The two polymer-specific insertion regions common to kinesin and myosin are indicated as black loops on the back aspect of the protein.
ficity. These observations, in combination with highly conserved side-chain positioning and chemistry in the active site, imply that kinesins and myosins have evolved from an ancestral motor protein. An evolutionary connection to G-proteins is more tenuous; however, the shared structural, functional and chemical features of motors and these GTPases hint that an ancestral nucleotide-binding protein could have diverged to become both an ATP-driven motor protein and a GTP-driven molecular switch. The initial crystal structures of kinesin and Ncd posed more questions than they answered. They showed neither a mobile lever-arm structure, as seen in the myosin motor (see Chapter 3 in this volume), nor an obvious structural difference that could explain their opposite directionalities. Fortunately, the recent crystal structures of dimeric rat conventional kinesin by Kozielski et al. [12] and of dimeric Ncd by Sablin et al. [13] , in combination with primary sequence analysis and the construction of chimaeric kinesin motors [14] [15] [16] , have clarified some of these questions. The neck region of these proteins is the primary structural element determining directionality, and conventional kinesin produces force via a 'hand-over-hand' mechanism, essentially walking along a microtubule in a manner quite unlike myosin.
The crystal structure of dimeric conventional kinesin shows the 379 amino acid construct held together via a 30 amino acid coiled-coil interaction in the neck region. Interestingly, the 2-fold rotational symmetry of the coiled-coil is not adopted by the motor heads, which orient themselves in a tip-to-tip manner (Figure 3a) . In addition to the helix, the kinesin dimer contains a neck linker region that forms two additional ␤-strands, present but unordered in the original monomeric crystal structure (see Figures 2 and 3a) .
In the Ncd dimer structure (Figure 3b ), the heads are once again connected via a coiled-coil neck helix, and show 2-fold rotational symmetry. The 30 amino acid neck linker of the kinesin dimer is replaced by a very short turn resulting in a more compact dimer containing many more interactions between the heads and the coiled-coil.
Further structural data contributing to a working hypothesis for the structural basis of kinesin motilty come from three-dimensional electron-microscopic (EM) reconstructions of microtubules decorated with motor heads. Although initial experiments with monomeric heads showed little difference between kinesin and Ncd, subsequent experiments with dimeric heads have yielded interesting results [17, 18] . As depicted in Figure 4 , dimeric kinesin containing the non-hydrolysable nucleotide analogue AMP-PNP (adenosine 5Ј-[␤,␥-imido]triphosphate) shows one head clearly bound to the microtubule with the second head oriented above the first, off the microtubule surface, and towards its plus-end. A similar orientation of heads could be obtained when the dimeric crystal structure is modelled into the EM density with its putative microtubule-binding face down (compare Figures 3a and 4a) . In contrast, the unbound head of dimeric Ncd is located directly above and to the side of the bound head, with no positioning towards the plus-end. Recent analysis of the conformation of dimeric heads of kinesin and Ncd in different nucleotide states has shown that the unbound head of kinesin•ADP is not oriented towards the microtubule plus end (Figure 4 ) [19, 20] . The heads assume this conformation only in the presence of AMP-PNP (and also, perhaps, in the ADP•P i state). The experiments indicate that the orientation of the bound motor heads on the microtubule is responsible for directionality. In conventional kinesin, following binding of a nonhydrolysable ATP analogue, the unbound head is positioned much closer to the next available plus-end-binding site than to the minus-end site. For Ncd, the situation is less clear because the unbound head is not directed towards either the plus-or minus-end and does not change orientation appreciably between different nucleotide states. 
The mechanochemical mechanism of conventional kinesin
It is only in the last year that enough structural, kinetic and functional data have accumulated to suggest a mechanochemical mechanism for the movement of conventional kinesin along a microtubule ( Figure 5) . The model starts with a kinesin dimer in solution with ADP bound to both heads. Kinetic studies [21] indicate that binding of the dimer (step 0) to the microtubule results in rapid loss of ADP from the bound head (step 1). This is accompanied by a transition from a weak-binding to a strong-binding state of the bound head, and a small movement of the unbound head. ATP binding triggers a rotational movement of the second, unbound head, resulting in a plus-end-biased orientation (step 2). The unbound head searches via a diffusional mechanism for an available microtubule-binding site, binds (step 3), quickly releases ADP and adopts a tight binding conformation. The first head, now lagging, hydrolyses ATP, undergoes a conformational change upon ADP or P i release and disassociates from the microtubule. This restores the step-1 conformation with the heads reversed (step 1Ј). Kinesin is designed such that the two heads communicate with each other through ATP-dependent conformational changes, in which binding of the free head to the microtubule can only occur following ATP binding in the lagging head. In this manner, dimeric kinesin can walk processively and unidirectionally along a microtubule.
Variations on a theme: walkers, pushers, sliders and destabilizers
It should be emphasized that many details of this mechanism are poorly understood on a structural level. Furthermore, there are at least three other methods by which kinesin family members seem to operate: (i) pushing, as represented by the C-terminal minus-end-directed motors Ncd and Kar3; (ii) sliding, used by the processive monomeric motor KIF1A; and (iii) destabilizing, as used by the microtubule-destabilizing kinesin XKCM1. Despite extensive structural, kinetic and mutational studies on the minusend-directed motor Ncd, and the recent determination by Gulick et al. [22] of the crystal structure of Kar3 (another minus-end-directed motor), a plausible mechanism for reversed directionality remains elusive. The 2-fold rotational symmetry of Ncd's heads seems designed to keep the motor domains together rather than allowing them to spread apart. Chimaeric and deletion constructs show that Ncd motors lacking the neck region become poor plus-end-directed motors (similar to monomeric deletion constructs of conventional kinesin). This indicates an inherent plus-end-directed movement in the core motor of kinesin proteins [14] [15] [16] . Conversely, placing Ncd's neck region on the kinesin motor domain forces minus-end-directed movement for the normally plusend-directed motor. Both of these findings indicate that the neck region of Ncd is necessary for producing minus-end-directed movement. The bound nucleotides are indicated by D (ADP) and T (ATP); X is nucleotide free. Unbound heads are white, weakly bound heads light blue, and tightly bound heads dark blue. The cycle is initiated by dimeric kinesin binding to the microtubule (step 0). ADP is then released quickly from the bound head, accompanied by a transition from a weak to a strong binding state and a slight conformational shift of the unbound head (step 1). ATP binding then induces a major conformational change, positioning the free head towards the next plus-end microtubule-binding site (step 2). This head then finds a binding site via a biased diffusional search (blue arrow), accompanied by a melting/unwinding of the neck region (thick black lines; step 3). The first head now hydrolyses its ATP, and (in unknown order) releases from the microtubule and releases ADP and P i , restoring the configuration of the initial state with heads now reversed (step 1Ј). Step 3
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Ncd could employ the same general mechanism as kinesin, in which the position of the unbound head influences the next microtubule-binding site. For dimeric Ncd, the microtubule-binding site closest to the unbound head would be on the adjacent protofilament (Figure 6a) . In order to reach this site, the neck helix of Ncd would have to melt, as it seems capable of doing [13] . By repeatedly binding and releasing in such a manner, multiple Ncd dimers could produce non-processive, minus-end movement.
Another variation on the kinesin motility theme was discovered recently by Okada and Hirokawa [23] , where they found that the monomeric, N-terminal kinesin motor KIF1A is able to move processively along a microtubule track. This result is extraordinary given that monomeric constructs of conventional kinesin have been shown to be non-processive, requiring multiple motors in order to produce movement in vitro. Apparently KIF1A employs a positively charged lysine tether to bind electrostatically to the negatively charged microtubule while it moves to the next binding site. The inherent plus-end movement of the kinesin motor domain, described above, biases the sliding diffusion of KIF1A to the plus-end, resulting in net movement in that direction.
One final twist of kinesin's mechanism involves two members of the internal motor-domain kinesins, XKCM1 and XKIF2. Desai et al. [24] recently showed that these non-motile kinesins are actually microtubule-depolymerizing factors that act in vitro by binding to the ends of microtubules and inducing catastrophe (rapid microtubule depolymerization). The destabilizing activity is dependent on ATP hydrolysis, which seems to be necessary for the release of ␣/␤ tubulin from the kinesin and permits its subsequent reattachment to the microtubule's end. Desai et al. have speculated that regulation of polymer dynamics most probably preceeded motor-protein-based motility in cells. If so, this family of kinesins might represent a missing link between a primitive molecular switch and a modern molecular motor.
Perspectives
The model of how conventional kinesin converts chemical energy into directed force must now be improved to explain the detailed conformational changes that accompany kinesin's hand-over-hand mechanism. Although the existing crystal structures have been invaluable, they are still only a static picture of the ADP nucleotide state. Electron microsopy has helped to identify conformations present in other nucleotide states, but at much lower resolution. In order to understand this system more fully, it will be necessary to obtain atomic-level structures of kinesin motors in other nucleotide states, as well as in a complex with microtubules.
Many other questions remain unanswered. The neck region of kinesin seems critical for controlling the motor's directionality, but the details of this are unknown. While a hand-over-hand mechanism seems certain for conven-tional kinesins, how do the non-processive motors produce force? How is kinesin activity regulated? What roles do docking proteins such as kinectin play? Although the past several years have seen great advances, recent discoveries of a processive monomeric kinesin and kinesins that do not seem to be motors at all indicate that we still have far to go to fully understand the many cellular functions and mechanisms of this diverse protein family. Step 1 shows Ncd dimer bound to the microtubule. Binding and hydrolysis of ATP results in a conformational change of the unbound head (step 2) and its subsequent attachment to a binding site on an adjacent microtubule protofilament (step 3). Release of the forward head, coupled to repetition of this by multiple Ncd motors would result in a net displacement to the minus-end. (b) Model for the processive movement of KIF1A along a microtubule [23] . KIF1A contains a modified microtubule-binding loop containing a poly-lysine repeat. This charge tether allows the protein to remain associated with the microtubule while diffusing along it to the next binding site. The inherent plus-end-directed conformational change of the kinesin head as it hydrolyses ATP (see text) biases this diffusion in the plus-end direction. (c) Model for the disruption of microtubule protofilament ends by the XKCM1 kinesin [24] . XKCM1 binds to the an ␣/␤ tubulin dimer at the plus-end of a microtubule protofilament (step 1) and causes dissociation of the XKCM1-␣/␤ tubulin complex (step 2). ATP hydrolysis releases the XKCM1 from the ␣/␤ dimer and primes it for reattachment to the end of the microtubule.
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